Sequestration of parasitized erythrocytes in the central nervous system microcirculation and increased cerebrospinal fluid lactate are prominent features of cerebral malaria (CM), suggesting that sequestration causes mechanical obstruction and ischemia. To examine the potential role of ischemia in the pathogenesis of CM, Plasmodium berghei ANKA (PbA) infection in CBA mice was compared to infection with P. berghei K173 (PbK) which does not cause CM (the non-CM model, NCM). Cerebral metabolite pools were measured by 1 H nuclear magnetic resonance spectroscopy during PbA and PbK infections. Lactate and alanine concentrations increased significantly at the terminal stage of CM, but not in NCM mice at any stage. These changes did not correlate with parasitemia. Brain NAD/NADH ratio was unchanged in CM and NCM mice at any time studied, but the total NAD pool size decreased significantly in the CM mice on day 7 after inoculation. Brain levels of glutamine and several essential amino acids were increased significantly in CM mice. There was a significant linear correlation between the time elapsed after infection and small, progressive decreases in the cell density/cell viability markers glycerophosphocholine and Nacetylaspartate in CM, indicative of gradual loss of cell viability. The metabolite changes followed a different pattern, with a sudden significant alteration in the levels of lactate, alanine, and glutamine at the time of terminal CM. In NCM, there were significant decreases with time of glutamate, the osmolyte myo-inositol, and glycerophosphocholine. These results are consistent with an ischemic change in the metabolic pattern of the brain in CM mice, whereas in NCM mice the changes were more consistent with hypoxia without vascular obstruction. Mild obstructive ischemia is a likely cause of the metabolic changes during CM, but a role for immune cell effector molecules cannot be ruled out. 
The pathogenesis of cerebral malaria (CM), the most serious complication of malaria infection, remains controversial. One contentious issue is the role of sequestration of parasitized red blood cells (PRBCs) and whether this leads to ischemia.
1,2 A crucial role in human CM for ischemia, because of blockage of cerebral vessels, was first postulated by Laveran 3 as early as 1893. Since then a number of groups 2,4 -8 have investigated the mechanical obstruction purported to be caused by sequestration of PRBCs in the cerebral vessels. Quantitative studies have correlated sequestration of PRBCs in the cerebral microvasculature with the occurrence of human CM. [7] [8] [9] A predictable consequence of sequestration of PRBCs in the brain vessels would be reduced regional, or even global, cerebral blood flow and prolonged cerebral transit time leading to stagnant hypoxia. In a study on adult patients with CM, 6 cerebral oxygen consumption was shown to be low in Ͼ90% of comatose cases. Cerebrospinal fluid lactate content increased and was found to be a sensitive prognostic index of CM in humans. 5, 6 However, cerebral blood flow rates in CM patients have been reported to be within the normal range for healthy adults. 6 A lack of evidence for cerebral hypoperfusion during human CM also has been reported. 10 These findings question whether sequestration of PRBCs in the cerebral microvessels does lead to mechanical obstruction. These studies were performed on adult Thai CM patients, in whom the disease pathogenesis may differ from that in African children. Some workers 1 argue that factors other than ischemia must play an important role in the pathogenesis of CM, because ischemia cannot plausibly explain all of the pathological manifestations of CM, for example the rapidity of recovery from coma and the low incidence of severe neurological complications thereafter. These latter processes distinguish the outcome of CM from that of ischemic cerebrovascular accidents.
To further examine the potential role of ischemia in the pathogenesis of CM, P. berghei ANKA (PbA) infection was studied in CBA mice. In this, the most commonly used murine malaria model of CM, cerebral complications develop at ϳdays 5 to 6 after inoculation and increase to a peak at day 7 after inoculation, with the animals showing neurological and histopathological signs reminiscent of CM in humans. [11] [12] [13] Murine CM is an immunopathological condition 14 -18 involving cytokines, CD4 ϩ T lymphocytes, nonneuronal central nervous system (CNS) cells (microglia and astrocytes), and activation of the kynurenine pathway of tryptophan metabolism. Obstruction of the CNS microvasculature, as epitomized by retinal vessels, does occur in murine CM. 19 We therefore investigated whether CNS lactate accumulation occurs during murine CM.
Factors such as the level of parasitemia, 20 increased production of tumor necrosis factor-␣ 21 and anemia, 22 which could all be present in severe malaria infection, may also predispose to lactic acidosis. We therefore measured brain alanine as another indicator of the onset of tissue anoxia and anaerobic glycolysis. 23 The brain levels of various amino acids also were investigated, because amino acid concentrations may change during ischemia and such changes can reflect the metabolic status of the ischemic tissue.
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Materials and Methods
Inoculation of Mice
The malaria parasites used were P. berghei, either PbA (Dr. G. Grau, Université de la Mé diterrané e, Marseille, France) or P. berghei K173 (PbK) (Dr. I. Clark, Australian National University, Canberra, Australia). Female CBA/T6 mice (6 to 8 weeks old) weighing 20 to 25 g were inoculated by intraperitoneal injection of 10 6 PRBCs as described previously. 17 As expected, 11, 12 mice inoculated with PbA developed cerebral complications and became terminally ill between days 6 and 7 after inoculation. Mice inoculated with PbK (NCM mice) did not develop CM, but showed signs of malaria at ϳday 13 after inoculation and became moribund between days 14 and 22, presumably of severe anemia, as expected. 26 
Sample Preparation
Mice infected with PbA were sacrificed either when they became clinically moribund with CM or as indicated in Results. For PbK infection, mice were sacrificed either when they became critically ill with anemia or as indicated in Results. Mice were sacrificed by decapitation in such a way that the heads fell straight into liquid nitrogen. Whole brain samples were chiseled out of the frozen head before further processing.
For proton nuclear magnetic resonance ( 1 H-NMR) analyses and high-performance liquid chromatography (HPLC) quantification of amino acids, whole brain samples were extracted in 6% (w/v) ice-cold HClO 4 Blood samples (0.4 ml) taken quickly via axillary artery laceration were mixed with 0.4 ml of 3 mol/L ice-cold HClO 4 , left on ice for 10 minutes, and then centrifuged for 30 minutes at 5000 ϫ g at 4°C. The supernates were neutralized to pH 7.0 with 2 mol/L of KHCO 3 and used for spectrophotometric determination of blood lactate and pyruvate.
To differentiate between intrinsic factors (such as NAD or thiamin deficiencies) and extrinsic factors (eg, ischemia) as the cause of the changes in brain metabolites, recovery experiments were performed to test whether brain cells from malaria-infected mice could revert to normal metabolism in vitro in the presence of O 2 and glucose. For this, mice were sacrificed by cervical dislocation, their brains removed, and the cerebral cortices dissected and sliced into 350-m axial sections using a McIllwain tissue chopper (Mickle Laboratory Engineering Co. Ltd.). The slices were washed three times and then incubated for 60 minutes to allow metabolic recovery in a modified Krebs-Henseleit buffer (124 mmol/L NaCl, 5 mmol/L KCl, 1.2 mmol/L KH 2 PO 4 , 1.2 mmol/L MgSO 4 , 26 mmol/L NaHCO 3 , 5 mmol/L glucose, and 1.2 mmol/L CaCl 2 ). 29 After incubation, slices were removed by filtration, extracted in 6% (w/v) HClO 4 , and treated for 1 H-NMR analyses as described above. The intracellular [K ϩ ], an index of slice metabolic integrity, 30 was determined by flame photometry.
H-NMR Spectroscopy
All 1 H-NMR spectra (see example in Figure 1 ) were acquired at 600.13 MHz on a Bruker AMX-600 spectrometer, using a gradient inverse probe, across 64-kb data points using a spectral width of 6000 Hz, a duty cycle of 30 seconds for fully-relaxed spectra, and consisted of the sum of 32 transients. Spectra were transformed with 0.5 Hz of exponential multiplication and two degrees of zero filling. Concentrations of the various compounds were determined by integral comparison of the resonance of interest with that from 2,2,3,3-tetradeuterotrimethylsilyl,1-propionic acid. Integrals were obtained either by fitting Lorentzian line shapes to the resonances or by standard integration.
Spectrophotometric Assays
Brain and blood lactate were also measured spectrophotometrically using the Boehringer Mannheim kit that uses a method modified from that of Gutman and Wahlfeld. 30 Brain and blood pyruvate were measured as reported previously.
32 ATP was measured using the Sigma diagnostics kit (Sigma Chemical Co., St. Louis, MO).
HPLC Analyses
Brain NAD and NADH were quantified as described, 28 using an LC 18 column (25 ϫ 0.46 cm) with a 2-cm guard (Supelco, Bellefonte, PA). The mobile phase consisted of 0.2 mol/L ammonium acetate (pH 6.2) and HPLC-grade methanol (Mallinckrodt, Victoria, Australia), initially at 96:4 (v/v). After 1 minute the methanol was set to increase at 0.2% per minute for 25 minutes. The flow rate throughout was 1 ml/min. The eluent was monitored using a Perkin Elmer (Norwalk, CT) LC 240 fluorescence detector (7-l flow cell), with excitation wavelength set at 330 nm and emission wavelength at 460 nm. Amino acids were quantified as reported previously. 33 
Statistical Analysis
Data were subjected to nonparametric analysis of variance to determine whether sufficient grounds for further analysis existed. Where this was established, data were analyzed by Mann-Whitney U test. Correlation coefficients were determined using Spearman's Rank test. Values of P Յ 0.02 were considered significant.
Results
Brain Concentrations of Lactate, Pyruvate, and Alanine
Whole brain concentrations of lactate and alanine were determined by 1 H-NMR at various time points after parasite inoculation. The concentrations of lactate and alanine increased significantly, to approximately twice the normal values, only in mice suffering from CM on days 6 to 7 after inoculation (Table 1) . These changes did not correlate with the degree of parasitemia. Pyruvate could not be detected by NMR and therefore was assessed spectrophotometrically, together with lactate ( Table 2 ). This technique confirmed that brain lactate was increased in CM at days 6 to 7 after inoculation but not in NCM during the same period or at the terminal stage of infection (days 14 to 22 after inoculation). Again, there was no correlation with parasitemia. Brain pyruvate was significantly increased in NCM mice on days 14 to 22 after inoculation ( Table 2 ). The lactate:pyruvate ratio was increased more than threefold in the brain in CM mice on days 6 to 7 after inoculation. Blood lactate concentration fell significantly in both the CM mice and NCM mice on days 6 to 7 after inoculation, but was significantly increased in NCM on days 14 to 22 after inoculation (Table  2 ). Blood pyruvate concentration was normal in CM and NCM mice on days 6 to 7 after inoculation but significantly increased in NCM mice on days 14 to 22 after inoculation. The blood lactate:pyruvate ratio was significantly decreased in CM mice days 6 to 7 after inoculation and NCM on days 14 to 22 after inoculation but not in NCM on days 6 to 7 after inoculation.
Brain NAD/NADH and ATP
The NAD to NADH ratio was similar between uninfected and CM mice on day 6 after inoculation (Table 3) . However, the total NAD pool (NAD ϩ NADH) decreased significantly, by ϳ18%, in CM mice. These parameters did not change significantly in the NCM mice. Brain ATP concentrations were similar in all groups studied [control uninfected, 4.2 Ϯ 0.2 mol/g wet weight (n ϭ 6); CM day 7 after inoculation, 3.6 Ϯ 0.5 (n ϭ 6); NCM day 7 after inoculation, 3.7 Ϯ 0.5 (n ϭ 5); NCM day 15 after inoculation, 4.5 Ϯ 0.2 (n ϭ 5)].
H-NMR Analysis of Brain Metabolites
Brain glutamate concentration decreased significantly in NCM mice on days 14 to 22 after inoculation compared with controls, whereas glutamine increased significantly in CM on days 6 to 7 after inoculation ( Table 4 ). The level of the neuronal marker N-acetylaspartate 34 was significantly decreased in CM mice on days 6 to 7 after inoculation, but not in NCM mice at any stage. Succinate and glycine levels increased significantly in CM, but not NCM, mice. Levels of the cell membrane marker glycerophosphocholine and the organic osmolyte myo-inositol decreased significantly at the later stages in NCM mice (Table 4) .
Brain Amino Acids Measured by HPLC
The brain concentrations of valine, leucine, isoleucine, histidine, and threonine were significantly increased in CM mice on days 6 to 7 after inoculation, but not in NCM mice (Table 4 ). Lysine and phenylalanine increased significantly in both CM on days 6 to 7 and NCM on days 13 to 17. The concentrations of arginine and methionine decreased significantly solely in NCM mice on days 13 to 17 after inoculation.
Metabolic Recovery of Brain Slices in Vitro
To distinguish between extrinsic (eg, hypoxia and cytokines/malarial toxins) and intrinsic (eg, NAD or thiamin deficiency) factors as being responsible for the observed cerebral lactic acidosis and amino acid changes, cortical brain slices of control and PbA-infected mice were incu- (n ϭ 8) (n ϭ 5) (n ϭ 5)
Values are mean Ϯ SEM, with the number of mice given in parentheses. *Indicates P Ͻ 0.005 when compared with control uninfected mice.
bated in a modified Krebs-Henseleit buffer bubbled with carbogen gas (95% O 2 /5% CO 2 ) and the concentrations of lactate, alanine, ␥-aminobutyric acid, glutamate, aspartate, and glutamine determined as an index of metabolic performance and recovery of brain cells from the changes observed in vivo. The brain slices from CM mice behaved like those from control, uninfected mice, as judged from the concentrations of the metabolites (Figure 2) , and returned to normal levels in vitro. Intracellular K ϩ concentrations (a marker of slice viability) 30 determined by flame photometry after 1 hour of incubation showed no significant difference between control and CM tissue slices.
Discussion
Lactate and Alanine as Markers of Ischemia
Human CM is a multifactorial condition, [1] [2] [3] 35 as is murine CM. 16, 17, 36 In adult Thai patients, a 100% mortality rate was seen when cerebrospinal fluid lactate values exceeded twice the normal level, 5 suggesting that metabolic disturbances in the brain may reflect a fundamental pathological process. A similar result has now been obtained in murine CM, allowing investigations of the underlying mechanisms. An increase in the total brain concentration of lactate, specific to CM mice on days 6 to 7 after inoculation, was observed independent of the method used to measure lactate concentration (Tables 1 and 2) . In other systems, brain lactate increases in ischemic episodes, 37 presumably because of decreased flux of pyruvate into the Krebs cycle in the absence of oxygen and a concomitant increased flux of pyruvate through the lactate dehydrogenase reaction to maintain the NAD/ NADH ratio (the Pasteur effect).
Alanine, also produced from pyruvate via alanine transaminase, is considered a better marker than lactate of the degree of hypoxia. The concentration of alanine increases proportional to the degree of hypoxia, unlike the levels of lactate which are more responsive to mild hypoxia and tend to plateau in severe hypoxia. 38 Lactate and alanine are readily transported from neurons and glia and, under conditions of normal unobstructed blood flow, are prevented from accumulating by removal via the circulation. Therefore, a build-up of these metabolites is consistent both with a decrease in the available oxygen and a decrease in perfusion. This, together with the demonstration that regions of intravascular obstruction and reduced erythrocyte perfusion of CNS microvessels are evident in CM mice from day 5 after inoculation onwards, 19 is consistent with the notion that ischemia occurs during murine CM.
Glycerophosphocholine is primarily accepted as an indicator of cell density, the concentration being relative to the total membrane choline ester content. 39 N-acetylaspartate, a compound found only in neurons, is accepted as a marker of neuronal density and neuronal mitochondrial activity. 40 Declining N-acetylaspartate levels are indicative either of neuronal death, or of decreased neuronal mitochondrial viability, both of which can occur in transient ischemic episodes. Values are mean Ϯ SEM, expressed in mol/g wet weight, with the number of mice in each group given in parentheses. *Indicates P Ͻ 0.02 when compared with control uninfected mice. † P Ͻ 0.01. ‡ P Ͻ 0.005. NA, N-acetyl aspartate; GABA, ␥-aminobutyric acid; GPC, glycerophosphocholine. Inspection of the time course of change of metabolites in brain in murine CM showed that the change in concentrations of lactate [P ϭ 0.0004, r s (Spearman's rank correlation coefficient) ϭ 0.71], alanine (P ϭ 0.0009, r s ϭ 0.67), NA (P ϭ 0.0025, r s ϭ Ϫ0.60), and glycerophosphocholine (GPC) (P ϭ 0.012, r s ϭ Ϫ0.51) correlated significantly (n ϭ 25) with time. However, examination of the time course of change of lactate and alanine revealed that it is best described as nonlinear, with the majority of the increase taking place at days 6 to 7 after inoculation (Table 4) . By contrast, the time-course of change of the cellular markers NA and GPC was gradual, with progressive decreases across the course of the disease (NA and GPC correlated significantly with one another, P ϭ 0.0001, r s ϭ 0.82). Unlike the acute markers of ischemia (alanine and lactate) the time course of change of other metabolites, such as Krebs cycle intermediates glutamate and aspartate, the polyol myo-inositol, and the energy carrier creatine, was similarly gradual, declining in tandem with the cellular marker GPC (gluamate, P ϭ 0.0007, r s ϭ 0.68; aspartate, P ϭ 0.015, r s ϭ 0.49; myoinositol, P ϭ 0.0005, r s ϭ 0.70; creatine, P ϭ 0.0004, r s ϭ 0.71). This scenario is consistent with gradual loss of cell viability throughout the course of the disease, followed by an ischemic insult, most likely at the level of small vessels, on days 6 to 7 after inoculation.
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By contrast, the metabolite profile in brain in malaria infection without cerebral involvement was more illustrative of hypoxia (ie, oxygen deprivation but with cerebral blood flow maintained). There was no significant correlation of the ischemia markers lactate (P ϭ 0.52, r s ϭ 0.159) and alanine (P ϭ 0.053, r s ϭ 0.414) with time, whereas there was a significant decrease with time in the metabolites glutamate (P ϭ 0.004, r s ϭ Ϫ0.59), myo-inositol (P ϭ 0.003, r s ϭ Ϫ0.60) and the cellular marker GPC (P ϭ 0.0004, r s ϭ Ϫ0.72). The oxygen deprivation experienced in non-CM because of the low hematocrit would seem to have caused loss of cellular viability and metabolites, as illustrated by the significant linear correlations of the cellular marker GPC with various metabolites (glutamate, P ϭ 0.0001, r s ϭ 0.86; myo-inositol, P ϭ 0.0001, r s ϭ 0.79; creatine, P ϭ 0.0014, r s ϭ 0.65; aspartate, P ϭ 0.0039, r s ϭ 0.59; ␥-aminobutyric acid, P ϭ 0.01, r s ϭ 0.53).
An increase in the concentrations of brain lactate and alanine could represent a shift to anaerobic respiration independent of changes in blood flow. For example, lactic acidosis could be induced by tumor necrosis factor-␣ 21 or a deficiency in NAD and thiamin that are needed to convert pyruvate to acetyl CoA. The increase in brain lactate in murine CM is likely because of an increase in local production rather than movement of lactate into the CNS, as blood lactate concentration decreased in CM mice on days 6 to 7 after inoculation ( Table 2) . This argues against a major role for systemic tumor necrosis factor-␣, through its actions on peripheral organs, in the development of CNS lactic acidosis during murine CM, although the involvement of locally produced tumor necrosis factor-␣ in the CNS 42 certainly cannot be ruled out. The observed increases in brain lactate and alanine (Tables 1 and 2) did not correlate with parasitemia, so production of these metabolites by circulating malaria parasites seems not to be a major determinant of these changes.
Brain cells did recover metabolic viability after incubation of brain slices in the presence of glucose and a mixture of 95% O 2 and 5% CO 2 , as indicated by the re-establishment of normal pool sizes of lactate, alanine, glutamate, and glutamine (Gln) (Figure 2 ) and return of intracellular [K ϩ ] to normal. This suggests that the biochemical changes observed in the brains of the CM mice were not because of factors intrinsic to the brain cells (such as NAD or thiamin deficiency).
Does Ischemia Play a Role in the Pathogenesis of Murine CM?
The exact cause of the ischemia that seems to occur in murine CM is unknown. Two factors may contribute: attachment of monocytes to CNS vascular endothelial cells, and cerebral edema. Both are prominent features of murine CM. Processes such as up-regulation of adhesion molecules on endothelial cells, attachment of monocytes and platelets to endothelium, redistribution of astrocytes and microglia, increased permeability to protein of the blood-brain barrier, and CNS vascular obstruction, all commence on ϳdays 3 to 5 after inoculation. 13, 19 This is before brain lactate increases ( Table 1 ), suggesting that the metabolic events occur as a result of the earlier changes. Lactic acidosis is thought to enhance brain damage under ischemic conditions, leading to cytotoxic brain edema and, eventually, irreversible death of glia and neurons. [43] [44] [45] Thus, the development of CNS lactic acidosis may be a crucial factor that predisposes to a deleterious outcome in murine CM. This may also be true for severe human CM where the concentration of lactate in the CNS increases, 5, 6 and CNS lactic acidosis correlates with a bad prognosis. 5, 46 A number of factors question whether vascular obstruction (induced by blood cell sequestration) plays a dominant role in the development of the biochemical changes that seem to signify brain ischemia in CM. The sequestration observed during CM in humans does not affect the brain uniformly. [47] [48] [49] Similarly, the vascular obstruction in murine CM, observed in retinal whole mounts, is not widespread. 19 Furthermore, localizing neurological signs (such as limb weakness, hemiplegia, and cranial nerve deficits) are not classical features of CM, and this distinguishes this condition from embolic or thrombotic cerebrovascular accidents. Cerebral edema accompanied by raised intracranial pressure may provide a plausible explanation. When intracranial pressure is sufficiently elevated by the mass effect of the edema fluid, cerebral perfusion pressure becomes low, predisposing the tissue to ischemia. 50 Furthermore, severe cerebral edema may cause brain dysfunction through brain distortion and herniation. 50 Cerebral edema and increased intracranial pressure have been shown to occur in most children suffering from CM, 51, 52 although only the very severe cases associated with transtentorial herniation and cardiorespiratory arrest are thought to become fa-tal. 53 However, in studies on adults from South East Asia, multiple organ involvement is the typical finding during severe P. falciparum infection and the principal causes of death are pulmonary edema, and acute renal and circulatory failure with metabolic acidosis. 54 The observation that opening pressures are normal in 80% of Thai adults suffering from CM 55 contrasts with the findings in African children 51, 52 and suggests that whereas cerebral edema may contribute to mortality from CM in African children, its role in adults is uncertain. It therefore seems that CM in humans is an end-stage clinical syndrome with multiple pathophysiological input, which depends on the age of the patient and perhaps some geographically related features also.
Changes in Metabolites and Amino Acids
Brain glycine increased only in CM mice on days 6 to 7 after inoculation (Table 4) , the time when the mice exhibited neuro-excitatory signs of CM, notably convulsions. glycine enhances the neuro-excitatory responses mediated through the N-methyl-D-aspartate receptor. 56 We reported previously 17 that quinolinic acid, probably acting via the N-methyl-D-aspartate receptor, may contribute to the neuro-excitatory signs of murine CM. Considered together, the propensity for neuro-excitation is likely to be increased during murine CM, reinforcing the notion that neuro-excitation mediated via the N-methyl-D-aspartate receptor is a factor in the pathogenesis of murine CM. The brain concentrations of the essential amino acids valine, leucine, isoleucine, and histidine increased only in CM mice on days 6 to 7 after inoculation (Table 5) , perhaps because of reduced catabolism. The branched chain amino acids valine, leucine, and isoleucine are normally converted by transamination to their corresponding ␣-keto acids, which are then converted to acylCoA derivatives by oxidative decarboxylation. A defect in one or both of these two steps would result in the accumulation of the branched chain amino acids; if the defect were at the level of decarboxylation, the corresponding ␣-keto acids would also accumulate. The build up of these amino acids in the CNS, as is the case in maple syrup urine disease, may lead to acute ketoacidosis that can cause lethargy, seizures, and coma, 57 which are important features of both human and murine CM. Overall, the changes in brain amino acids observed during murine CM were similar to those reported in rodents suffering from acute thiamin deficiency, 58 in which a breakdown of the blood-brain barrier, cerebral edema and petechial hemorrhages are prominent features. The changes did not show any simple correlation with parasitemia so presumably were not a consequence of amino acid production by the circulating malaria parasites.
Conclusions
Together, the results suggest that ischemia or locally produced cytokines, or both, may contribute significantly to the pathogenesis of murine CM and that the observed increase in brain lactate is because of local CNS production. We currently are investigating the roles of ischemia and cytokines in the metabolic changes observed in murine CM.
